The study investigates the viscosity of clarified beetroot juice as dependent on temperature and soluble solids content. Rheological research was carried out using a rotational rheometer with a system of coaxial cylinders. Flow curves were obtained in the temperature range from 10 to 60 • C and at the soluble solids content of 50 • to 67.1 • Bx. The concentrate under study showed a Newtonian behaviour. Dynamic viscosity ranged from 5.2 to 320 mPa·s and depended on soluble solids content and temperature of measurement. The effect of temperature was described using an Arrhenius equation . Activation energy values were between  24.68 and 39.96 kJ/mol. The effect of soluble solids content was described employing a  power-law function and an exponential function. In addition, two equations were proposed to describe the combined effect of temperature and soluble solids content on the viscosity of beetroot juice concentrate.
INTRODUCTION
Beetroot belongs to the most common root vegetables cultivated in Poland. It may be eaten both raw, in the form of salads and fresh or fermented juices, and cooked. [1] Beetroot has a high nutritive value and is a source of fibre, mineral components, folic acid, and anthocyanin pigments. [2, 3] Fresh juice squeezed from raw beetroots does not taste particularly good due to the presence of geosmin which gives it a muddy flavour. Thickening considerably improves the sensory features of juice. [1] Fermented juice from beetroot is tasty and has high health-giving properties. The methods of fermentation and the choice of bacterial strains have already been discussed in several works. [4, 5] One of the products obtained from beetroots is juice concentrate. The main stages in the manufacturing process are preparation of the raw material, enzymatic processing of the pulp, pressing of the juice, depectinisation, clarification, and filtration. Afterwards, the juice is being concentrated, most often by using evaporators. At the successive stages of the process, the physicochemical properties of the material being processed change many times. As found by Rodriguez-Sevilla et al., [6] the conditions of thermal processing have a significant impact on the glucose, fructose and sucrose contents. The physicochemical properties of beetroot juice concentrate significantly depend on the kind of processes used in its manufacturing. [7] Clarification can be done either by enzymatic process or by ultrafiltration, whereas concentration may be performed through reverse osmosis or by use of evaporators. [7] While clarified and depectinised juice concentrates show Newtonian properties, [8] [9] [10] [11] [12] [13] [14] the presence of pectines suspended in the continuous phase of juices makes them behave as non-Newtonian fluids. [11, 15, 16] The viscosity of liquid foods is an important characteristic used in the quality control of raw materials and food products and in planning the manufacturing processes. For example, when a medium is being concentrated using evaporators, its concentration and temperature change in the process. This leads to a change in thermal conductivity, and hence in energy consumption, thus determining the characteristics of pumps. [14] The effects of temperature and concentration on the rheological properties of fruit juices have been discussed by many authors, [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] but the researches on vegetable juices and pulps were limited to tomatoes. [17] Due to the complex chemical and physical structure of foods, viscosity can not be predicted by theoretical methods and experimental measurements and empirical models of viscosity are necessary for the characterization of fluid foods. [17] Therefore, the present study focuses on beetroot with the aim of investigating the influence of temperature and soluble solids content on the viscosity of juice concentrate made from this vegetable.
MATERIAL AND METHODS
A sample of commercial depectinised beetroot juice concentrate with soluble solids content of 67.1 • Bx was provided by ZPOW Jaslo (Poland). Physical and chemical characteristics of concentrated beetroot juice are shown in Table 1 . Samples with a lower soluble solids contents (50, 55, 60, and 65 • Bx) were produced by diluting the original concentrate with distilled water.
The soluble solids content at a temperature of 20 • C was determined using a laboratory refractometer, type RL3 (PZO Warszawa, Poland). Density at a temperature of 20 • C was measurement by picnometric method according to Polish Standard (PN-A-75101/02:1990). Acidity was determined by potentiometric titration with 0.1 M NaOH solution until pH = 8 according to Polish Standard (PN-A-75101/04:1990). The pH was measurement with CG840 pH-meter (Schott, Germany). The sugars content were determined by HPLC system (LaChrome, Merck-Hitachi, Japan) with PR18 column, using acetonitrile-water (80:20) as a mobile phase at 1 ml/min. and refractive index detector. Rheological measurements were made using a rotary rheometer Rheolab MC1 (Physica, Germany) with coaxial cylinders as a measuring system (diameter of outer cylinder: 48 mm, diameter of inner cylinder: 45 mm), Flow curves at temperatures of 10, 20, 30, 40, 50, and 60 • C were obtained within the shear rate range of 1 to 300 s −1 . Since the flow curves indicated that the samples behaved as Newtonian fluids, dynamic viscosity was calculated on the basis of Newtonian law. For controlling the rheometer during measurements and for computing, a computer program US 200 (Physica, Germany) was employed.
The relationship between viscosity and temperature was described by an Arrhenius equation: To describe the influence of soluble solids content on viscosity, a power-law equation and an exponential equation were used: [9] [10] [11] 
where η -viscosity [mPa·s]; C -soluble solids content [ • Bx]; and η 1 ,
The combined effect of soluble solids content and temperature on viscosity was described using equations:
where To determine deviations between the experimental and calculated viscosities (Eq. (1) to (5)), the mean error (ME%) was computed from the following formula:
where X o -observed value; X c -value calculated from the model, n -number of pairs. were obtained for samples with a lower soluble solids content. Figure 2 displays the flow curves produced at a temperature of 20 • C for juice samples with varying soluble solids contents. The curves obtained at the other temperatures were similar. The results indicate that beetroot juice concentrate has non-Newtonian properties. Shear stresses diminished with the increasing temperature and decreasing soluble solids content. The same pattern has been observed earlier for clarified and depectinised fruit juices. [8] [9] [10] [11] [12] [13] [14] According to Ibarz et al., [11] juice concentrates can be divided into three groups: clarified and depectinised with Newtonian properties, clarified but not depectinised, and concentrates with suspended solid particles. The latter two groups exhibit non-Newtonian flow and their behaviour is described by a power-law or Herschel-Bulkley equation. [17] As observed by Saravacos, [18] the rheological properties of cloudy juices during flow depend on their soluble solids content: below 50 • Bx the juices are Newtonian, and above this value they show a non-Newtonian pseudoplastic flow.
RESULTS AND DISCUSSION
The dynamic viscosity of beetroot juice ranged from 5.2 mPa·s for a sample with a soluble solids content of 50 • Bx at 60 • C to 340 mPa·s for one of 67.1 • Bx concentration at 10 • C (R > 0.99). To compare the results obtained in this study with the literature data, Fig. 3 shows the dynamic viscosity-temperature dependence for beetroot juice concentrate and some fruit juices at the same soluble solids content of 60 • Bx. At temperatures exceeding 40 • C, the observed differences in viscosity are inconsiderable. With decreasing temperature, these differences gain a greater significance, reaching the highest values at 10 • C. Among the juices considered in Fig. 3 , beetroot juice concentrate had the lowest dynamic viscosities above 40 • C, which is due to the different levels of individual constituents of soluble solids. The viscosity of solution is a function of the intermolecular forces and water-solute interactions. These forces depend on the intermolecular spacings and the strength of hydrogen bond. If more solutes like sugars and dissolved in the solution, the viscosity increases because number of hydrogen bonding with hydroxyl groups increase. [19] Among the sugar solutions of the same concentrations, those of sucrose having a higher molecular weight are more viscous than those of glucose (lower molecular weight). As found by Nindo et al., [14] at the same soluble solids contents and the same 1368 JUSZCZAK ET AL.
Figure 2
Flow curves of beetroot juice concentrate at different soluble solids contents.
Figure 3
Effect of temperature on viscosity of beetroot and fruit juices (Ibarz et al. [9, 10] , Juszczak and Fortuna [12, 13] ) at soluble solids content of 60 • Bx. temperature, raspberry juice exhibits a greater viscosity than blueberry juice, which results from the higher sucrose content of the former. As it was shown in Table 1 concentrated beetroot juice characterize high content of the sucrose which makes up almost 68% total soluble solids content. In case of the fruit juices, the main sugars components of soluble solids are fructose and glucose, which can suggest that fruit juices with the same content of soluble solids should characterize with lower viscosity then beetroot juice. However, in case of the fruit juices the content of sugars in soluble solids carries out about 90%, [19] whereas for concentrated beetroot juice the content of sugars in total soluble solids state only 78.6%. Hence viscosity of such juice is smaller the than fruit juices with the same content of soluble solids.
Temperature has a considerable influence on both the viscosity of Newtonian fluids and the consistency coefficient of non-Newtonian fluids. The effect of temperature on the viscosity of beetroot juice concentrate was described using an Arrhenius model (Eq. 1) which had been earlier employed by other authors [8] [9] [10] [11] [12] [13] [14] [15] to describe the properties of fruit juices. The parameters of the Arrhenius model together with the coefficients of determination and mean errors are provided in Table 2 . The values of flow activation energy, reflecting the susceptibility of the system to temperature changes, ranged from 24.68 to 39.96 kJ/mol and increased with the increasing soluble solids content. Flow activation energies are much higher for Newtonian than non-Newtonian fluids with the same concentration. Krokida et al. [17] found the values for the former to be from 14.4 kJ/mol for water to over 60 kJ/mol for sugar solutions and fruit juice concentrates.
The level of both soluble and insoluble constituents markedly, non-linearly affects the viscosity of Newtonian fluids and the consistency coefficient and apparent viscosity of non-Newtonian fluids. To describe the effect of soluble solids content on the viscosity of beetroot juice concentrate, two different equations were used: power-law (Eq. 2) and exponential (Eq. 3). [8] [9] [10] [11] [12] [13] The parameters of the respective equations for various temperatures are shown in Tables 3 and 4 . Comparison of the determination coefficients and mean errors indicates a better fit to the experimental data of the exponential function. This supports the findings of other authors [9] [10] [11] 13] who stated that the power-law equation is well suited for pulps while the exponential function, for juice concentrates. For both equations, the values of η 1 and η 2 increased, and those of b 1 and b 2 decreased with temperature. This is in line with the results of earlier studies concerning fruit juices. [9] [10] [11] [12] [13] As shown in Fig. 4 , depicting the combined effect of temperature and soluble solids content on the viscosity of beetroot juice concentrate, viscosity lowered with the increasing temperature and decreasing soluble solids content. Based on Eqs. (4) and (5) , [8] [9] [10] [11] [12] [13] the The mean error (ME) for Eqs. (7) and (8) was 11.78 and 13.96%, respectively, providing evidence to suggest that the former is better than the latter (higher R 2 and lower ME). Both equations can be used for calculating the viscosity of beetroot juice concentrate with the mean error of 12-14% because the value of parameter E a (Eqs. (4) and (5)) is the mean activation energy of flow in the range of soluble solids contents under study ( Table  2) . Flow activation energy depends exponentially on soluble solids content. In order to reduce mean error for Eqs. (7) and (8) and to improve accuracy, the value of E a should be computed as a function of soluble solids content.
CONCLUSION
The results of the research indicate that beetroot juice concentrate exhibits Newtonian properties. The computed values of dynamic viscosity ranged from 5.2 mPa·s for a sample with a soluble solids content of 50 • Bx at a temperature of 60 • C to 340 mPa·s for one with 67.1 • Bx concentration at 10 • C, and strongly depended both on soluble solids content and temperature. Beetroot juice concentrate had a lower viscosity than concentrated fruit juices with the same soluble solids content and at the same temperature. This might be attributed to its different levels of individual constituents. The influence of temperature on viscosity was described using an Arrhenius equation, and the flow activation energy ranged from 24.68 to 38,96 kJ/mol. It was found that the effect of soluble solids content can be described by a power-law or exponential function, with the latter ensuring a better fit. Two equations were proposed for describing the combined effect of temperature and soluble solids content. Using the equations, it is possible to compute viscosity at various temperatures and soluble solids content with the mean error of 12-14%.
